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Adult stem cells have the ability to self-renew and to
generate specialized cells. Self-renewal is depen-
dent on extrinsic niche factors but few of those
signals have been identified. In addition, stem cells
tend to differentiate in the absence of the proper
signals and are therefore difficult to maintain in cell
culture. The mammary gland provides an excellent
system to study self-renewal signals, because the
organ develops postnatally, arises from stem cells,
and is readily generated from transplanted cells.
We show here that adult mammary glands contain
a Wnt-responsive cell population that is enriched
for stem cells. In addition, stem cells mutant for the
negative-feedback regulator Axin2 and therefore
sensitized to Wnt signals have a competitive advan-
tage in mammary gland reconstitution assays. In cell
culture experiments, exposure to purified Wnt pro-
tein clonally expands mammary stem cells for many
generations and maintains their ability to generate
functional glands in transplantation assays. We
conclude that Wnt proteins serve as rate-limiting
self-renewal signals acting directly on mammary
stem cells.
INTRODUCTION
Stem cells are characterized by their ability to self-renew as well
as to differentiate into specialized cells, properties critical for
tissuemaintenance and regeneration. The decision to self-renew
or differentiate is regulated at multiple levels, including cell-
intrinsic transcriptional programs and extracellular signals origi-
nating from a specialized niche (Morrison and Spradling, 2008).
Cell-extrinsic control is important to prevent the unrestrained
self-renewal of stem cells and their possible conversion into
cancerous cells (Clarke and Fuller, 2006). A critical aspect of
the niche model of stem cell regulation is that the availability of
self-renewing factors is limited because of their local release.
Understanding the nature of the signals and their effect on adult
stem cells has been complicated because of the low abundance
of these stem cells and the paucity of functional assays. More-568 Cell Stem Cell 6, 568–577, June 4, 2010 ª2010 Elsevier Inc.over, because adult stem cells tend to differentiate in the
absence of the proper self-renewal signals, they are difficult to
maintain in cell culture under defined conditions.
The mammary gland is an excellent model for studying adult
stem cell behavior because of its accessibility and unique post-
natal development (Deome et al., 1959; Kordon and Smith, 1998;
Shackleton et al., 2006; Stingl and Caldas, 2007; Stingl et al.,
2006; Visvader and Lindeman, 2006; Welm et al., 2003; Wood-
ward et al., 2005). It is an epithelial organ with a highly branched
ductal network, consisting of a basal layer of myoepithelial cells
and an inner layer of luminal cells. During pregnancy, under the
influences of hormones, luminal cells are induced to differentiate
and develop into alveoli that produce milk at parturition. Alveoli
regress at the end of lactation, and the mammary gland returns
to a morphological state similar to that found in virgin mice
(Richert et al., 2000). Transplantation assays have demonstrated
the existence of a rare population of mammary stem cells
(MaSCs) that are able to reconstitute a functional mammary
gland (Deome et al., 1959; Young et al., 1971). These MaSCs
are likely to be present in any of the branches, because each
portion of the ductal system was shown to be capable of regen-
erating an entire epithelial tree upon transplantation (Kordon and
Smith, 1998). More recently, a MaSC-enriched population of
cells has been isolated based on specific cell surface markers
(Lin, CD24+, CD29hi) (Shackleton et al., 2006; Stingl et al.,
2006). In spite of these advances, it has been difficult to study
MaSCs in vitro because of loss of long-term self-renewal.
Although short-term mammosphere cultures allow multilineage
colonies to form in culture, over time these colonies lose their
ability to self-renew and start to differentiate in vivo (Dontu
et al., 2003). This is probably due to the absence of self-renewal
factors in defined tissue culture media.
Wnt signaling has been implicated in different stages of mam-
mary development as well as in mammary oncogenesis (Boras-
Granic et al., 2006; Brisken et al., 2000; Chu et al., 2004; Lindvall
et al., 2006, 2009; Nusse and Varmus, 1982; Roelink et al., 1990).
Multiple Wnt genes are expressed in the mammary gland epithe-
lium or stroma (Bu¨hler et al., 1993; Gavin and McMahon, 1992;
Huguet et al., 1994; Lane and Leder, 1997; Olson and Papkoff,
1994; Weber-Hall et al., 1994). Moreover, it has been suggested
that Wnt signals expand mammary stem cells, as indicated by
the fact that early tumorigenic lesion from transgenic mice over-
expressing Wnt1 have increased numbers of stem cells (Nusse
and Varmus, 1982; Shackleton et al., 2006; Vaillant et al.,
2008). Whether Wnt proteins directly control normal mammary
Figure 1. The Wnt-Responsive Cell Population Is
Enriched for Mammary Stem Cells
(A) The expression of Axin2-lacZ was examined by whole-
mount X-gal staining in Axin2+/lacZ virgin mammary gland
(scale bar represents 500 mm). Wnt-responsive cells are
located in all branches.
(B) Paraffin sections revealed that Wnt-responsive cells
(blue cells) reside in the basal layer of the mature ducts
(arrows) (scale bar represents 50 mm). Slides were
counter-stained with nuclear fast red.
(C) Primary mammary epithelial cells (MECs) were isolated
and analyzed by the expression of the cell surfacemarkers
Lin, CD24, and CD29.
(D and E) Lin, CD24+, CD29hi (stem cell enriched) and
Lin, CD24+, CD29lo populations were FACS-isolated,
respectively, followed by X-gal staining. Scale bar repre-
sent 10 mm.
(D) 5%of the Lin, CD24+, CD29hi group isWnt responsive
(arrows).
(E) No Wnt-responsive cells were seen in the Lin, CD24+,
CD29lo group.
(F) No lacZ+ cells were detected in the wild-type cell
control, using a LacZ fluorogenic substrate.
(G) 5% of Lin, CD24+, CD29hi cells are lacZ positive in
Axin2+/lacZ cells, using the lacZ fluorogenic substrate.
(H) Mammary outgrowths after transplantation were
examined by X-gal staining to verify that the epithelium
was donor cell derived (scale bar represents 1 mm). With
lacZ-expressing epithelial cells grown in wild-type stroma,
it is apparent that most if not all branches contain Axin2-
lacZ cells (compare H to A).
(I) q-RT-PCR relatively to HPRT control in the lacZ+, Lin,
CD24+, CD29hi and lacZ, Lin, CD24+, CD29hi cells
sorted from 8- to 12-week-old virgin mouse mammary
glands. A statistically significant difference of p < 0.05
(t test) was observed between the two groups for each
of the four genes.
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nation of cell culture and in vivo transplantation experiments to
show that Wnt proteins serve as important self-renewal factors
for mammary gland stem cells.
RESULTS
Wnt Reporter-Positive Cells Are Enriched for MaSCs
To identify cells that are activated by Wnt/b-catenin signaling in
the mammary gland, we used the Axin2-lacZ reporter mouse,
which carries a lacZ gene inserted into the Axin2 locus (Lustig
et al., 2002), a well-known Wnt/b-catenin target gene (Jho
et al., 2002; Leung et al., 2002; Lustig et al., 2002). The expres-
sion of lacZ through the endogenous Axin2 promoter faithfully
reflects sites of Wnt/b-catenin signaling in multiple tissues. In
8- to 12-week-old virgin animals, lacZ expression was detectedCell Stem Cell 6in nearly all of the branches in the mammary
gland (Figure 1A). Subsequent histological
analysis indicated that the Wnt-responsive cells
are located in the basal layer of the mammary
ducts (Figure 1B; Baker et al., 2010; Teissedre
et al., 2009) where mammary stem cells have
been suggested to reside (Shackleton et al.,
2006; Stingl et al., 2006). To characterize thereporter-positive cells with respect to previously characterized
stem cell populations, we used fluorescence-activated cell sort-
ing (FACS) and the Lin, CD24+, CD29hi markers known to enrich
for mammary stem cells (Shackleton et al., 2006; Stingl et al.,
2006). We found that 5% (n = 41/1015) of the Lin, CD24+,
CD29hi cells was positive for the Axin2-lacZ reporter (Figures
1C and 1D), as measured by X-gal staining. In contrast, no
lacZ-expressing cells were present in the other epithelial cell
population (Lin, CD24+, CD29lo) (n = 0/1002; Figure 1E), which
has not been found to contain mammary stem cells (Shackleton
et al., 2006).
By using a fluorogenic lacZ substrate to isolate live Axin2-lacZ
reporter-positive cells in combination with the Lin, CD24+,
CD29hi markers, we confirmed that 5% of the Lin, CD24+,
CD29hi cells were positive for lacZ (Figures 1F and 1G). The
lacZ+ and lacZ cell fractions were characterized by measuring, 568–577, June 4, 2010 ª2010 Elsevier Inc. 569
Table 1. Mammary Outgrowths Derived from Lin, CD24+,












p value < 0.01
Wnt-responsive (lacZ+) and non-Wnt-responsive (lacZ) cells were FACS
isolated via a LacZ fluorogenic substrate, in combination with the Lin,
CD24+, and CD29hi markers (Figure 1G), and injected into cleared
mammary fat pads. The outgrowths were analyzed at 10 weeks post-
transplantation. Implanted lacZ+ cells had higher numbers of outgrows
compared with the lacZ cells. However, for those that were scored
positive, there were no differences in the extent of the fat pad occupation.
Data are pooled from four independent experiments.
a Shown as number of outgrowths per number of injected mammary fat
pads.
b Transplantation with cells resuspended in 50% serum+PBS.
c Transplantation performed with cells resuspended in 50% Matrigel,
which improves engraftment.
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tase-polymerase chain reaction (q-RT-PCR; Figure 1I). As ex-
pected, the Axin2 gene was expressed at higher levels in the
lacZ+ cells compared to the lacZ cells. The Wnt receptors
lrp5 and lrp6 expression patterns were similar to that of Axin2
(Figure 1I), in line with the finding that stem cell populations
can be enriched by selection for high lrp5 expression (Badders
et al., 2009). Conversely, expression of hey1, a Notch target,
was significantly lower in the lacZ+ cells (Figure 1I). Notch
signaling has been implicated in luminal cell-specific differentia-
tion, whereas downregulation of Notch signaling in MaSCs can
lead to increased reconstitution (Bouras et al., 2008).
To assess mammary gland reconstitution competence, we
transplanted Lin, CD24+, CD29hi cells that were either lacZ
positive or negative into cleared fat pads. Notably, Wnt-respon-
sive lacZ-positive cells generated mammary glands more
efficiently than did lacZ-negative cells (Table 1). The resulting
outgrowths contained lacZ-expressing cells (Figure 1H), indi-
cating that they were derived from the donor mice. Taken
together, the CD24+, CD29hi population can be further enriched
for mammary stem cells by virtue of their Wnt/b-catenin respon-
siveness.
MaSCs that Are More Responsive to External
Wnt Signals Outcompete Wild-Type Stem Cells
in Repopulation Assays
The Axin2 gene encodes a ligand-dependent negative-feedback
regulator of the Wnt pathway that dampens signaling cell auton-
omously. Insertion of lacZ into Axin2 inactivates the gene (Lustig
et al., 2002) and elevates Wnt signal strength in a ligand-depen-
dent manner. To measure the impact of loss of the Axin2 gene
on Wnt signaling activity in mammary cells, we transduced a
TCF-dependent luciferase reporter construct (Fuerer and Nusse,
2010) into primary mammary epithelial cells isolated from wild-
type and Axin2lacZ/lacZ mice. Luciferase activity was monitored570 Cell Stem Cell 6, 568–577, June 4, 2010 ª2010 Elsevier Inc.after incubation with different concentrations of Wnt3A protein.
In the unstimulated state, wild-type and Axin2lacZ/lacZ cells had
the same luciferase activity, whereas increasing Wnt3A concen-
trations activated the reporter to higher levels in Axin2lacZ/lacZ
cells (Figure 2A). The difference between WT and Axin2LacZ/LacZ
cells was prominent at lower concentrations of Wnt proteins
(50100 ng/ml), whereas higher concentrations saturated the
response in either cell type.
The increased response ofAxin2lacZ/lacZmutant MaSCs toWnt
signals suggest that these cells would have a competitive advan-
tage over wild-type cells under conditions in which Wnt proteins
are limiting self-renewal factors. We tested this in repopulation
assays in vivo (and, separately, in cell culture assays; see below)
by isolating Lin, CD24+, CD29hi cells from Axin2LacZ/LacZ mice
that also carried an Actin-GFP marker, as well as wild-type
Lin, CD24+, CD29hi cells from Actin-DsRed mice. GFP- and
DsRed-positive cells were mixed in different ratios and injected
into cleared fat pads of recipient animals. As a control, MaSC-
enriched populations from wild-type, Actin-GFP and wild-type,
Actin-DsRed mice were mixed in a 1:1 ratio, resulting in an
even distribution of GFP-positive and DsRed-positive mammary
gland branches (Figure 2B; Figure S1A available online). In
contrast, transplanting Axin2LacZ/LacZ; Actin-GFP cells in compe-
tition with twice as many Axin2+/+; Actin-DsRed cells resulted in
outgrowths that were predominantly GFP positive and therefore
derived from Axin2LacZ/LacZ cells (Figure 2C; Figure S1B). Thus,
the potentiated response of Axin2LacZ/LacZ mutant cells to a
limiting Wnt source influences the ability of these stem cells to
repopulate the mammary gland.
Of note, the Axin2LacZ/LacZ cells generated mammary glands
with mild hypermorphic branching phenotypes (GFP-positive
branches in Figure 2C), similar to glands in Axin2LacZ/LacZmutant
mice themselves (Figure 2G). However, these glands differen-
tiate normally during parturition and regress after weaning (Fig-
ures 2H and 2I compared to WT glands in Figures 2E and 2F).
Despite their elevated Wnt responsiveness, Axin2LacZ/LacZ
mammary glands have normal ordered layers of cells. As
demonstrated by histology and FACS analysis (Figure S2), the
basal and luminal cell composition was similar to wild-type.
There was no evidence of hyperplasia or tumors, suggesting
that the cellular response to Wnt was not excessive. This is in
contrast to the MMTV-Wnt1 mouse model where overexpres-
sion of Wnt itself causes cancer (Nusse and Varmus, 1982;
Shackleton et al., 2006).
In the Presence of Wnt3A Protein, MaSCs Can Be
Clonally Expanded In Vitro for Many Generations
Based on our observations in vivo, we next asked whether Wnt
proteins could directly influence MaSCs in vitro by promoting
their colony-initiating ability. To ensure that colonies originated
from single cells rather than from aggregates, we isolated cells
from wild-type; Actin-GFP mice and wild-type; Actin-DsRed
mice, mixed the cells, and seeded them in Matrigel. As shown
in Figure 3A, individual Lin, CD24+, CD29hi cells formed mono-
chromatic colonies. In Matrigel, the Wnt3A protein is active as
it induces the lacZ reporter in cells from Axin2lacZ/+ mice
(Figure 3D), whereas no lacZ activity was seen in nontreated
cells (Figure 3C) or in cells exposed to a Wnt inhibitor, Dkk1
(Figure 3B).
Figure 2. Axin2lacZ/lacZMutant Cells Have an
Advantage over Wild-Type Cells in Compet-
itive Reconstitution Assays
(A) WT and Axin2lacZ/lacZ mammary epithelial cells
transduced with a Wnt-reporter (7TCF-luciferase)
construct were incubated with increasing concen-
trations of purified Wnt3A protein. The reporter
activity was measured after 24 hr.
(B and C) Lin, CD24+, CD29hi cells were isolated
independently from Actin-GFP mice and Actin-
DsRed mice. GFP-positive and DsRed-positive
cells were mixed in different ratios and injected
into the cleared fat pads of recipients.
(B) As a control, transplantation of 1:1 ratiomixture
of WT; Actin-DsRed andWT; Actin-GFP stem cells
resulted in an even distribution of red and green
outgrowths (scale bar represents 2 mm).
(C) More GFP-positive outgrowths were observed
after transplantation of 2:1 mixture of Axin2+/+;
DsRed and Axin2lacZ/lacZ ; Actin-GFP cells (scale
bar represents 2 mm).
(D–F) Whole-mount carmine staining of WT
mammary gland in nulliparous stage (D), parturi-
tion (E), and regression (F).
(G–I) Whole-mount carmine staining of
Axin2lacZ/lacZ mammary gland. While Axin2lacZ/lacZ
mammary glands in nulliparous stage display a
mildly hypermorphic branching phenotype (G),
they have normal differentiation in parturition (H)
and regression in post-weaning (I).
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presence of either vehicle, Wnt3A protein, or the Wnt inhibitor
Dkk1. The presence or absence ofWnt proteins had no apparent
effect on cell proliferation; the size of the colonies under each of
the three conditions was relatively constant, varying between
20 and 60 mm (Figure 3E) with colonies composed of approxi-
mated 15–60 cells (Figure 3F). Moreover, there were no discern-
ible differences in staining for the cell cycle marker Ki67
(Figure 3G). When we examined the clonogenicity of the cells
under these conditions, there were no significant differences in
primary colony formation: the colonies occurred at a ratio of 1
colony per 15 cells plated (Figure 4A).
In contrast to the lack of aWnt effect on primary colony forma-
tion, subsequent serial colony formation, by dissociation of
primary colonies and replating, was dramatically influenced by
the presence of Wnt protein (Figure 4A). Addition of Wnt3ACell Stem Cell 6, 568–during the first plating increased the
number of secondary colonies 7-fold. In
contrast, incubation with Dkk1 caused
an approximate 50% reduction in sec-
ondary colony formation (Figure 4A). In
subsequent serial passages, cells cul-
tured in Wnt3A continued to expand and
produced increasing numbers of colonies
(Figure 4B). This increased clonogenicity
was not due to higher proliferation rates;
the size of the colonies was not signifi-
cantly altered under any condition (Fig-
ure 4C; Figure S3A). There was also no
discernible change in apoptosis in anyof the conditions tested as detected by Annexin V staining
(Figure S4). Wnt3A protein not only enhanced the clonogenicity
of MaSCs but also lowered the expression of a differentiation
marker, Gata-3 (Asselin-Labat et al., 2007; Kouros-Mehr et al.,
2006). Levels of Gata-3, a gene expressed and required during
early luminal differentiation, were reduced 2- to 3-fold after
exposure to Wnt3A, suggesting a possible role of Wnt-mediated
suppression of MaSC differentiation (Figure S3C). However, the
colonies contained similar numbers of terminally differentiated
basal cells and luminal cells whether cultured with or without
Wnt3A (Figures S5A–S5D), and expression levels of the markers
K8 and K14 in early or late passage colonies were not signifi-
cantly influenced either (Figure S5E).
By using colony-formation assays, we compared the clono-
genic ability of Axin2LacZ/LacZ mutant cells to wild-type cells
over a range of Wnt protein concentration. In keeping with the577, June 4, 2010 ª2010 Elsevier Inc. 571
Figure 3. Primary Colony Formation Is Not
Changed by Wnt Signaling
(A) FACS-isolated Lin, CD24+,CD29hi single cells
were independently prepared from Actin-GFP
mice or Actin-DsRed mice, mixed in a 1:1 ratio,
and seeded in Matrigel (2 3 104 cells total in
50 ml pellet). Individual colonies that emerged
were exclusively monochromatic, and the number
of green and red colonies matched the ratio of the
seeded cells (scale bar represents 100 mm).
(B–D) Lin, CD24+, CD29hi cells isolated from
Axin2lacZ/+ reporter mice were cultured in Matrigel,
plus either Dkk1 (B), Wnt vehicle control (C), or
Wnt3A protein (D). X-gal staining was performed
on colonies in 7 days of culture. No Wnt signaling
was detectable in Dkk1 or vehicle controls, while
the lacZ reporter was activated by Wnt3A protein
(D) (scale bar represents 50 mm).
(E) Lin, CD24+, CD29hi cells isolated from Actin-
GFP mice were cultured in Matrigel, plus either
Dkk1, Wnt vehicle control, or Wnt3A protein. Sizes
of the colonies were measured after 1 week of
culture in vitro. In all conditions, there are no differ-
ences in the average colony sizes (which ranged
from 20 to 60 mm). Scale bar represents 50 mm.
(F) DAPI staining of the colonies in (E) and cells
numbers in each colony were quantified.
(G) Frozen sections of colonies in (E) were stained
for the proliferation marker Ki-67. There was no
difference in the number of Ki-67-positive cells
among the conditions (p > 0.05).
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when transplanted in vivo (Figures 2B and 2C), we found that
the Axin2LacZ/LacZ cells initiate secondary colonies at a higher
rate than did wild-type cells (Figure 4D). In accordance with the
luciferase Wnt reporter experiments (Figure 2A), the differences
between Axin2LacZ/LacZ and WT cells in colony-initiating assays
weremorepronouncedat lowerconcentrationsof theWntprotein
(50–100 ng/ml) than at saturating concentrations (200 ng/ml).
Taken together, theseexperimentssuggest that theclonogenicity
of MaSCs is greatly increased by exposure to Wnt protein.
Long-Term Cultured MaSCs Retain Full Developmental
Potential In Vivo
To testwhether theclonally propagatedcellshadmaintainedstem
cell characteristics—self-renewal and multipotency in vivo—we
transplanted colonies from later passages into cleared fat pads
to assess outgrowth. In contrast to vehicle-treated colonies,
which failed to repopulate,Wnt-treated colonies displayed robust
mammary gland reconstitution ability (Figures 5A–5C). Impor-
tantly, the repopulating frequencies remained relatively stable
(1/34.5–1/48.8)with increasingpassage (Table 2). The total colony
number expanded with each successive passage, so this
suggests that Wnt increases the absolute number of MaSCs.
Notably, single Wnt-treated colonies (derived from single cells
in tertiary passage) were frequently able to reconstitute (17 out
of 40 when analyzed in parturition recipients; Figure 5G; 4 out
of 40 when analyzed in virgin recipients; Figure 5D, Table 2).
Immunostaining for the markers Keratin 8 and Keratin 14
confirmed that the outgrowths had a regular morphology, com-
posed of normally differentiated ductal structures with luminal
and myoepithelial cells (Figures 5E and 5F). When recipient572 Cell Stem Cell 6, 568–577, June 4, 2010 ª2010 Elsevier Inc.mice were in parturition, the mammary glands resulting from
the transplanted colonies consisted of a dense ductal system
ending in clusters of alveoli (Figure 5G) that contained abundant
milk proteins (Figure 5H).
AreWnt signals are continuously required tomaintain stem cell
identity? When we withdrew Wnt protein during secondary
plating, we found a marked reduction in the efficiency of mam-
mary gland reconstitution (2 small outgrowths, and 12 implants
not generating anydetectable tissue; Table 2). This result demon-
strates that cells expanded in the presence of Wnt proteins are
not transformed into an autonomously self-renewing state.
To confirm unambiguously that the cultured cells maintained
full stem cell properties, we performed serial transplantations
starting from glands derived from late passage cultured cells.
When analyzed by FACS, these primary outgrowths from
Wnt-treated colonies displayed a normal CD24 and CD29 profile
(Figure 5I, compared to Figure 1C). Moreover, the Lin, CD24+,
CD29hi cells (arrow in Figure 5I) isolated from these primary
outgrowths were able to reconstitute and form a normal organ
upon subsequent transplantation (Figure 5J; Table S1). Similar
results were obtained for the tertiary outgrowths (Table S1).
These experiments demonstrated that MaSCs expanded in
long-term cell culture in the presence of Wnt3A retained their
ability to self-renew and to differentiate normally in vivo.
DISCUSSION
The ability to self-renew while simultaneously generating
specialized cells is the critical property of adult stem cells. As
currently understood, the choice of a dividing stem cell to self-
renew or to differentiate is regulated by factors coming from
Figure 4. In Serial Passage, Wnt3A Protein Leads to Continued Expansion of Colony Numbers
(A) Lin, CD24+, CD29hi cells isolated from Actin-GFPmice were cultured inMatrigel, plus either Dkk1, Wnt vehicle control, or Wnt3A protein. Numbers of primary
colonies are similar (1 colony out of 15 plated cells in primary culture). However, the number of secondary colonies arising from replated single cells is strongly
influenced by Wnt. In the presence of Dkk1, the secondary colony number dropped by 50%. In the presence of Wnt3A, the colony number was more than 7-fold
higher.
(B) Colony numbers in vehicle andWnt3Awere followed over 10 passages. In vehicle, colony number reached a plateau in the 4th passage (black line). However, in
the presence of Wnt3A, colony numbers expanded continually in each passage (red line). Starting from 35 primary colonies, 106 colonies were calculated to be
present in the 10th passage.
(C) The sizes of the secondary colonies were measured after 1 week in culture post passage. Under each condition, there was no discernable difference in the
average colony size.
(D) Primary and secondary colony numbers of wild-type and Axin2lacZ/lacZ mutant cells grown over a range of Wnt3A protein concentration (x axis). While primary
colony formation efficiency remained unaffected, Axin2lacZ/lacZ mutant cells gave rise to higher numbers of secondary colonies compared to wild-type cells
(y axis), especially at limiting Wnt concentrations. At higher Wnt concentrations, the number of colonies plateaued irrespective of the genotype of the cells.
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stem cell control is that differentiation is the default choice and
that self-renewal depends on the presence of extracellular sig-
nals released by the niche. Among the signals implicated in the
control of various types of stem cells, the Wnt pathway is prom-
inent (Barker et al., 2007; Jaks et al., 2008; Kalani et al., 2008;
Reya et al., 2003; Willert et al., 2003). For example, Wnt target
genes, such as lgr5, are expressed in stem cells of the intestine
and the hair follicle, and there are stem cell phenotypes associ-
ated with loss of Wnt signaling in these tissues (Barker et al.,
2007; Jaks et al., 2008). Likewise, in the case of the mammary
gland, there is genetic support for a role for Wnt signaling in
the maintenance of MaSCs, such as defects in mammary gland
development in mice mutant for Wnt pathway components
(Boras-Granic et al., 2006; Brisken et al., 2000; Chu et al.,
2004; Lindvall et al., 2006). The experiments described in thispaper suggest that Wnt signaling, as monitored by the expres-
sion of the Wnt target gene Axin2, is a marker for enriching and
identifying MaSCs in vivo. Compared to the Axin2-lacZ coun-
terparts, Axin2-lacZ+ cells reconstitute at higher frequencies.
These data are compatible with the recent report that high
expression of the Wnt coreceptor Lrp5 marks MaSCs (Badders
et al., 2009). It is likely that Axin2-lacZ+ cells overlap with Lrp5hi
cells and that Lrp5 expression would allow these cells to be
capable of Wnt reception in the first place. Indeed, we detected
higher levels of Lrp5 expression in freshly isolated Axin2-lacZ+
cells (Figure 1I). Reduced expression of hey1 in Axin2-lacZ+ cells
in vivo is consistent with a previous report of Bouras et al. (2008)
and supports the notion that inhibition of the Notch pathway in
MaSCs enhances their stem cell potential.
In spite of the evidence for a role of Wnt pathway in MaSC
regulation, it remained unknown whether Wnt proteins actedCell Stem Cell 6, 568–577, June 4, 2010 ª2010 Elsevier Inc. 573
Figure 5. Cultured Stem Cell Colonies Retain Full Developmental
Potential
(A) 100 GFP-labeled Lin, CD24+, CD29hi colonies cultured in the presence of
Wnt3A for 2–6 passages were transplanted into cleared fat pads. Virgin recip-
ients fat pads were harvested at 8 weeks posttransplantation. Robust GFP
outgrowths were detected. (scale bar represents 2 mm).
(B and C) Comparing H/E sections of WT (B) and reconstituted mammary
glands (C) revealed a normal layered structure in the outgrowths (scale bars
represent 50 mm).
(D) An outgrowth from a transplanted single tertiary colony (scale bar repre-
sents 2 mm).
(E and F) Immunofluorescence staining with anti-K8 (E) and K14 antibody (F) of
the sections indicated that single colony derived outgrowths have normal
luminal (E) and myoepithelial (F) layers (scale bars represent 50 mm).
(G) GFP outgrowths harvested from nursing recipients (day 2; scale bar repre-
sents 2 mm).
(H) Immunofluorescence staining with anti-milk antibody of alveoli arising from
nursing recipients (green, GFP epithelium; red, milk; blue, DAPI. Scale bar
represents 100 mm).
(I) GFP primary outgrowths have the same CD24 and CD29 profile as their
donors.
(J) Normal secondary outgrowths arising from transplantation of cells isolated
from primary outgrowths (scale bar represents 2 mm).
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574 Cell Stem Cell 6, 568–577, June 4, 2010 ª2010 Elsevier Inc.directly onmammary stem cells and controlled their self-renewal
properties. In this study, we provide multiple lines of evidence
that this is indeed the case. In cell culture, we find that MaSCs
are dependent on Wnt proteins for long-term expansion and
maintenance of self-renewal under defined conditions. In these
experiments, Wnt does not act as a mitogenic growth factor,
as shown by the fact that the proliferation of the cells was not
influenced by its presence. Rather, our data support a model
of other known growth factors, such as EGF, as proliferative
factors, while the Wnt protein prevents differentiation of the
dividing cells and thereby leads to self-renewal. In line with this
proposal, we find that the expression of Gata-3, a transcription
factor that promotes differentiation of mammary stem cells into
luminal cells, is suppressed by the Wnt signal (Figure S3C).
The combined use of Wnt, EGF, and Matrigel has allowed us
to expand MaSCs in cell culture, with full retention of their
competence to regenerate an organ. This finding may have
important implications for attempts to expand breast cancer
stem cells (Al-Hajj et al., 2003) in a clonal fashion, as well as
stem cells from other tissues. Expanding adult stem cells in
culture holds great promise for regenerative medicine but has
in general been difficult because of the lack of stem cell markers
and knowledge about the required growth factors.
The second line of evidence for a role of Wnt signals as stem
cell factors comes from the use of Axin2LacZ/LacZ mutant cells.
Axin2 encodes a negative regulator of the Wnt pathway. Unlike
other repressors of Wnt signaling, such as Axin1, APC, or
GSK3, Axin2 is a target gene of Wnt signaling, implying that its
expression and signal-dampening function are restricted to
Wnt-exposed cells. Any consequence of Axin2 loss is therefore
dependent on the presence of active Wnt proteins and indicates
that cells showing a phenotype are actively receiving Wnt
signals. In competitive repopulation experiments with wild-type
cells, MaSCs isolated from Axin2LacZ/LacZ mice show a marked
increase in repopulating the mammary fat pad and regenerating
a functional mammary gland, indicating that the propagation of
MaSCs in vivo is stimulated by external Wnt signals. While this
result leaves open the possibility that Wnt acts as a proliferative
signal, we suggest that it reflects the self-renewal ability of
the Wnt protein, in part based on the increased ability of the
Axin2lacZ/lacZ cells to generate colonies in cell culture (Figure 4D).
The Axin2lacZ/lacZ hypermorphic phenotype is unique compared
to mutations in other Wnt signaling components, which mostly
lead to hyperplasia or even tumors. Moreover, mammary glands
originating from Axin2lacZ/lacZ MaSCs have normal ratios of basal
and luminal cells. In addition, MaSCs colonies cultured in the
presence of Wnt appeared to have normal expression levels of
the basal lineage marker K14 and the luminal marker K8, sug-
gesting that Wnt signals promote the self-renewal of MaSCs
without altering cell fate specification.
The role of Wnt in the mammary gland is in agreement with
current models of stem cell regulation, where the ability to
sustain a limited pool of stem cells is a hallmark of the niche
(Morrison and Spradling, 2008). This constraint is important in
preventing unrestrained expansion of stem cells, which may
otherwise lead to cancer (Clarke and Fuller, 2006). Our study
suggests that local Wnt signals act as the self-renewal factors
in the adult mammary gland. Indeed, previous studies reported
that several Wnts, including Wnt2, Wnt4, Wnt5a, Wnt5b,
Table 2. Mammary Outgrowths Derived from In Vitro Cultured Colonies
Passage Number Number Colonies EGF+Wnt3Aa Repopulating Frequency EGF+ Vehiclea
EGF+Wnt3A, Withdrawal
of Wnt3A for 7 Daysa
2nd 100 16/18 1/41.5 (27.2–62.2) 1/10** 2/14**
50 7/10 - -
25 8/18 - -
3rd 100 23/26 1/34.5 (24.7–38.3) 1/12** -
50 12/16 - -
25 12/20 - -
1 4/40 - -
4th 100 17/20 1/48.8 (33.0–72.3) 0/10 -
50 8/12 - -
25 6/14 - -
5th 100 10/18 0/10 -
6th 100 12/20 0/10 -
Lin, CD24+, CD29hi cells isolated from Actin-GFP mice were cultured in Matrigel in the presence of Wnt3A or vehicle for 2–6 passages. Colonies
(ranging from 100 to 1) were injected into cleared fat pads to test reconstitution. GFP outgrowths were observed for cells cultured with Wnt3A in
each passage (Figure 5A). Implantation of single colonies yielded 4/40 GFP-positive outgrowths when examined in nulliparous recipients and yielded
17/40 GFP-positive outgrowths when examined in recipients in parturition. In vehicle or withdrawal of Wnt3A conditions, a small percentage of partial
reconstituted glands were detected (Figure S6), as indicated by double asterisk.
a Shown as number of outgrowths per number of injected mammary fat pads.
Cell Stem Cell
Wnts Expand Mammary Stem CellsWnt6, and Wnt7b, are expressed in the epithelium and/or the
mesenchyme in the matured virgin mice (Bu¨hler et al., 1993;
Gavin andMcMahon, 1992; Huguet et al., 1994; Lane and Leder,
1997; Olson and Papkoff, 1994; Weber-Hall et al., 1994). At
present, the precise location of the physiological niche for
MaSCs remains unknown. It could be that the niche itself is
dynamic as exemplified by the hematopoietic system (reviewed
in Kaplan et al., 2007). MaSCs may have several niches as they
progress through various developmental stages.
EXPERIMENTAL PROCEDURES
Mouse Strains
CD1, Axin2lacZ/+ (Lustig et al., 2002), Axin2lacZ/lacZ, Actin-GFP/B6, and Actin-
DsRed/B6 and Nude strains were used in this study. Experimental procedures
were approved by Animal Care and Use Committee of Stanford University
School of Medicine.
Primary Cell Preparation
Mammary glands from 8- to 12-week-old virgin female mice were isolated.
The minced tissue was placed in culture medium (RPMI 1640 with 25 mM
HEPES, 5% fetal bovine serum, 1% PSQ, 300U ml1 Collagenase III [Wor-
thington]) and digested for 5 hr at 37C. After lysis of the red blood cells in
NH4Cl, a single-cell suspension was obtained by sequential incubation with
0.25% trypsin-EDTA at 37C for 5 min and 0.1 mg/ml DNase I (Sigma) for
5 min with gentle pipetting, followed by filtration through 40 mm cell strainers.
Cell Labeling, Flow Cytometry
The following antibodies were used: biotinylated and APC conjugated CD31,
CD45, TER119 (BD PharMingen), CD24-PE/cy5, CD24-PE/cy7, CD29-FITC,
CD29-APC (Biolegend), Streptavidin-PE/TexasRed, and Streptavidin-FITC
(BD PharMingen). Antibody incubation was performed on ice for 15 min in
HBSS with 10% fetal bovine serum. LacZ flourogenic substrate staining was
performed at 37C for 45 min in 2 mM CUG concentration (Marker Gene).
PE-Annexin V and 7-Amino-Actinomycin (7-AAD) staining were performed
according to the manufacturer’s instructions (BD PharMingen). All sorts
were performed with a FACSAria (Becton Dickinson). The purity of sorted
population was routinely more than 95%.In Vitro Colony Formation Assay
FACS-sorted cells were resuspended at a density of 4 3 105 cells/ml in
chilled 100% growth factor reduced Matrigel (BD Bioscience), and the gels
allowed to polymerized before covering with culture medium (DMEM/F12,
50 ng ml1EGF, plus either vehicle [1% CHAPS in PBS] or 200 ng ml1Wnt3A
[Willert et al., 2003] or 200 ng ml1Dkk1). Culture medium was changed every
24 hr. Primary colony numbers were scored after 7–10 days in culture. For
passaging colonies, media was aspirated and Matrigel was digested by
incubation in 500 ml of Matrigel recovery solution (BD Bioscience) for 1 hr on
ice. Colonies released from Matrigel were pelleted. Single cells were obtained
through incubation with 0.25% trypsin-EDTA at 37C for 5 min, followed by
gentle pipetting. Single cells were then replated in Matrigel as described
above. In assays examining the requirement for Wnt protein in maintaining
stem cell properties, Wnt3A protein was withdrawn for 7 days in secondary
culture prior to transplantation.
Lentiviral Vector and Infection
The 7xTcf-FFluc//SV40 viral construct contains seven Tcf/Lef-binding sites,
the 50UTR of the pSuperTopflash reporter plasmid, firefly luciferase gene,
and a SV40-Puro cassette for Puromycin selection (Fuerer and Nusse,
2010). Lentivirus was produced by transient transfection in 293T cells.
Mammary cells were isolated from 8- to 12-week-old virgin female glands as
described above, followed by preplating for 30 min to deplete stromal cells.
The suspending epithelial cells were collected and plated in DMEM-F12/
10% FBS with virus. At 48 hr after infection, cells were put under Puromycin
selection. Wnt responsiveness was tested by treating cells with a limiting
dilution of Wnt3A and luciferase activates were measured.
Immunostaining
Frozen sections were prepared by air-drying and fixation for 5 min in cold 4%
paraformaldehyde. Tissue sections were incubated with primary antibodies at
4C overnight, followed by washes, incubation with secondary antibodies for
1 hr at 25C, and counterstaining with DAPI (Vector Laboratories). The
following antibodies were used: rat anti K8 (1: 250, Developmental hybridoma
bank), rabbit anti K14 (1:1000, Covance), and rabbit anti milk (1:100, Nordic
Immunological Laboratories).
Mammary Fat Pad Transplantation and Analysis
Sorted cells were resuspended in 50% Matrigel, PBS with 20% fetal bovine
serum, and 0.04% trypan Blue (Sigma), and injected in 5–10 ml volumesCell Stem Cell 6, 568–577, June 4, 2010 ª2010 Elsevier Inc. 575
Cell Stem Cell
Wnts Expand Mammary Stem Cellsinto 3-week-old female cleared fat pads. Reconstitutedmammary glands were
harvested after 6–10weeks. All transplanted cells were labeled with either GPF
or LacZ. GFP outgrowths were detected under a fluorescence dissection
microscope. LacZ+ outgrowths were detected by whole-mount X-gal staining.
Competitive Repopulation Assays In Vivo
In controls, Lin, CD24+, CD29hi cells from WT; Actin-GFP mice and fromWT;
Actin-DsRedmicewere isolated, respectively, andmixed in 1:1 ratio, 3000WT;
Actin-GFP cells + 3000 WT; Actin-DsRed cells per injection. In Axin2LacZ/LacZ
experiments, Lin, CD24+, CD29hi cells from Axin2LacZ/LacZ ; Actin-GFP mice
and from Axin2+/+; Actin-DsRed mice were isolated respectively and mixed
in 1:2 ratio, 2000 Axin2LacZ/LacZ ; Actin-GFP cells + 4000 Axin2+/+; Actin-DsRed
cells per injection. Mixed cells were injected into cleared fat pads of Nudemice
as described above.
Statistics
Limiting dilution analyses used the ‘‘statmod’’ software package for the R
computing environment (http://www.R-project.org). MaSC frequencies were
estimated with a complementary log-log generalized linear model. Two-sided
95% Wald confidence intervals were computed, except in the case of zero
outgrowths, when one-sided 95% Clopper-Pearson intervals were used
instead. Student’s t test was used. Significance is indicated on the figures
with the following convention: p < 0.01. Error bars in all panes represent the
standard deviation (SD).
SUPPLEMENTAL INFORMATION
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